The activity of receptor tyrosine kinases (RTKs) is controlled through their lateral association in the plasma membrane. RTKs are believed to form both homodimers and heterodimers, and the different dimers are believed to play unique roles in cell signaling. However, RTK heterodimers remain poorly characterized, as compared with homodimers, because of limitations in current experimental methods. Here, we develop a FRETbased methodology to assess the thermodynamics of hetero-interactions in the plasma membrane. To demonstrate the utility of the methodology, we use it to study the hetero-interactions between three fibroblast growth factor receptors-FGFR1, FGFR2, and FGFR3-in the absence of ligand. Our results show that all possible FGFR heterodimers form, suggesting that the biological roles of FGFR heterodimers may be as significant as the homodimer roles. We further investigate the effect of two pathogenic point mutations in FGFR3 (A391E and G380R) on heterodimerization. We show that each of these mutations stabilize most of the heterodimers, with the largest effects observed for FGFR3 wild-type/mutant heterodimers. We thus demonstrate that the methodology presented here can yield new knowledge about RTK interactions and can further our understanding of signal transduction across the plasma membrane.
including the MAPK, PI3K, PKC, and STAT pathways. These pathways, in turn, determine cell fate and function (1-5, 12, 13) .
RTKs play a fundamental role in human development. They are also critical players in the induction and progression of many cancers (1) (2) (3) (4) (5) (13) (14) (15) . Thus, significant efforts have been dedicated to the development of RTK-specific therapies with high specificity and low toxicity. One class of anti-cancer drugs on the market specifically aims to inhibit RTK dimerization, because it is an important regulator of function. The best known example of these drugs is Herceptin, an antibody raised against the extracellular domain of HER2, which is often overexpressed in breast cancer (15, 16) . Although Herceptin treatment can significantly improve patient outcomes in some cases, the performance of this treatment and other RTK-targeted molecular therapies has not reached expectations (4, 16, 17) . This may be partly due to gaps in basic knowledge about RTK interactions in the plasma membrane.
RTKs readily form homodimers, but they also participate in hetero-interactions with other RTKs, often other members of the same family. Heterodimerization between RTKs is believed to be a means of signal amplification and diversification. RTK heterodimers have been shown to enhance receptor activation and downstream signaling, as compared with homodimers (1, 2, 4, 15, 18, 19) . For instance, the ErbB2⅐ErbB3 heterodimer is known as the most biologically active and the most pro-tumorigenic of all ErbB homodimers and heterodimers (4, 15) . However, our understanding of RTK heterodimerization is only rudimentary, in part because of a paucity of methods that provide quantitative information about heterodimer formation (18, 20, 21) . Indeed, prior work has relied primarily on qualitative methods such as immunoprecipitation. Thus, the extent of heterodimerization between members of an RTK family remains unknown. Often, even the identities of RTK partners that engage in hetero-interactions are unknown, and this can significantly impede the design of high efficacy therapeutics that target RTK dimerization.
Here, we introduce a novel FRET-based technique that overcomes the limitations of previous methods employed to study heterodimers in the plasma membrane. To demonstrate the utility of the method, we apply it to study heterodimerization within the fibroblast growth factor receptor (FGFR) family of RTKs. We use truncated receptors in which the IC domains have been substituted with fluorescent proteins to allow for FRET detection. Measurements are performed in plasma mem-brane vesicles, derived from cells using an osmotic stress buffer (22) . As the receptors are expressed in cells prior to vesicle production, they undergo all post-translational modifications. FRET is measured with the quantitative imaging-FRET (QI-FRET) method (23, 24) , which yields donor and acceptor concentrations, in addition to FRET efficiencies, in each vesicle.
The FGFRs regulate the development of the skeletal system (3, 12, 13, (25) (26) (27) . There are four FGFRs: FGFR1, FGFR2, FGFR3, and FGFR4. Here we focus on FGFR1, FGFR2, and FGFR3, three receptors that have been implicated in many growth disorders (1-3, 5, 8, 13, 27-29) . Although originally believed to form dimers only in response to ligand (fgf) binding, FGFRs have been shown to interact and form homodimers even in the absence of ligand (8, 30 -34) . FGFR homodimerization seems to prime the receptors for efficient activation by the ligand, and thus unliganded FGFR dimers appear to be important intermediates in the signal transduction process (8, 34) .
The propensities for homodimer formation have been quantified for full-length FGFR1, FGFR2, and FGFR3, in the absence of ligand (8) . The truncated FGFRs also form homodimers, with propensities that are similar to or lower than full-length FGFRs (8, (31) (32) (33) . We seek to determine the heterodimerization propensities of truncated FGFR1, FGFR2, and FGFR3 and compare them to the homodimerization propensities, in the absence of ligand.
We further seek to examine FGFR heterodimer formation in the presence of two different pathogenic point mutations in FGFR3: G380R and A391E. The G380R mutation in the TM domain of FGFR3 is found in 98% of all achondroplasia cases. Achondroplasia is the most common form of human dwarfism and is characterized by short stature and premature endochondral ossification of long bones (12, 20, 25-28, 33, 35) . The A391E mutation, also in the TM domain of FGFR3, causes Crouzon syndrome with acanthosis nigricans. This developmental disorder is characterized by premature ossification of skull bones accompanied by a skin disorder (27, 32, 36 -39) . Although both mutations introduce a charged amino acid into the TM domain of the same receptor, the resulting phenotypes are substantially different. It has been hypothesized that this difference in phenotype might be explained by disparate perturbations to FGFR heterodimers (27, 36) . To directly test this hypothesis, we examine the FGFR1⅐FGFR3, FGFR2⅐FGFR3, and wild-type/mutant FGFR3 heterodimers in the presence of both mutations using the new quantitative FRET method, and we compare the results to those of the wild-type using statistical methods.
Results
Development of the Heterodimerization Model-RTK lateral association can be described by monomer-dimer equilibrium models (1, 21, 40) . Here, we consider dimer formation when two receptors, X and Y, are capable of forming both heterodimers and homodimers ( Fig. 1 ). In this case, the equilibrium between monomers and dimers is described by three reactions (38) ,
where K X and K Y are the two macroscopic homodimer association constants, and K XY is the macroscopic heterodimer association constant. The bracket notation indicates two-dimensional species concentration. The three association constants can be written as shown below.
These relationships are the first key component describing the complex heterodimerization process. The association constants can be used to calculate dimer stability as follows,
where the standard state is taken as 1 square nanometer per receptor (23) . The number of receptors in a cell-derived vesicle is constant over time, and we write the equations of mass conservation as follows, The IC domains of the receptors are replaced with the fluorescent proteins YFP and mCherry, depicted as yellow and red barrels, to allow for FRET detection of heterodimer formation. Three possible dimers can form, in accordance with the law of mass action. From left to right, we show the receptor monomers X and Y, the homodimers XX and YY, and the heterodimer XY. Equations 1 and 2 under "Results" describe the coupled equilibria between the dimers and the monomers. The heterodimer is the only species with both YFP and mCherry and therefore is the only contributor to measured FRET efficiency. All possible species must be accounted for when quantitatively interpreting heterodimer formation from experimental data.
where [X total ] and [Y total ] are the total concentrations of each receptor species in a given vesicle. If we rearrange the first two statements in Equation 2 to solve for [XX] and [YY] and substitute into Equation 4 , we obtain the two statements shown below.
These statements constitute the second key component describing heterodimerization. Using the quadratic formula (41) to solve Equations 5 for [X] and [Y] and then substituting into the third statement in Equation 2, we arrive at a single equation describing heterodimerization.
This equation is implicit and must be solved numerically. To achieve this, we can employ the MATLAB function "fsolve" in the default setting, which utilizes the trust-region-dogleg algorithm. Solving Equation 6 in this manner produces theoretical predictions for the concentration of heterodimers, which depends on the homodimer association constants, K X and K Y , and on the total receptor concentrations, [X total ] and [Y total ]. The total dimer fraction, f D , is shown below.
This value is also equivalent to the sum of the homodimer fractions, f D,XX and f D,YY , and the heterodimer fraction, f D,XY . The fractions f D,XX , f D,YY , and f D,XY are defined as shown below.
Next, we turn to solving the heterodimerization problem in the context of FRET experiments. One receptor is labeled with a donor, and the other receptor is labeled with an acceptor. If these two receptors form heterodimers, FRET will occur. The FRET efficiency can be measured with the QI-FRET method as described (23, 24) . The measured FRET efficiency can then be corrected for the so-called proximity FRET, to yield the interaction-specific FRET efficiency, E D . Proximity FRET is a nonnegligible FRET efficiency that arises even in the absence of specific interactions, because of the random approach of donors and acceptors within the two-dimensional membrane. We have extensively modeled and measured this phenomenon in previous work, and it mainly depends on the acceptor concentration (42, 43) . The corrected FRET efficiency, E D , is due to heterodimerization only. FRET efficiency is measured through the change in donor fluorescence, so E D can be written in terms of the concentration of the acceptor-donor complex (that is, the heterodimer) and the concentration of the donor (38, 44, 45) ,
where Ẽ is the intrinsic FRET, or the FRET efficiency in a given dimer. Intrinsic FRET is the maximum E D ; that is, if all receptors in a vesicle were found in heterodimers, E D would be equal to Ẽ. In the general case, Ẽ depends on the relative positioning of the two fluorescent proteins (i.e. the separation and orientation of the fluorophores) in the dimer. Because the fluorophores are attached to the receptors via long flexible linkers, we can assume that they rotate freely, and thus intrinsic FRET depends mainly on fluorescent protein separation. Under the assumption of free rotation, intrinsic FRET can be written as follows,
where d is the distance between the donor and acceptor, and R 0 is 53.1 Å, the Förster radius for the YFP-mCherry FRET pair (23, 43) . Given an intrinsic FRET value, Equation 10 can be solved for d to estimate fluorophore separation in a given dimer. Using QI-FRET, we can measure three values per vesicle: donor concentration, acceptor concentration, and FRET efficiency (23, 24) . Because one receptor is labeled with the donor, and the other receptor is labeled with the acceptor, the receptor concentrations, [X total ] and [Y total ], can be directly measured as the donor concentration and acceptor concentration. To calculate heterodimer concentration from experimental data, we rearrange Equation 9 to obtain the following,
and this relationship is substituted into Equation 6 to yield Equation 12, shown below.
The quantities [X total ], [Y total ], E D , and [donor] are measured experimentally. When K X and K Y are known, Equation 12 can be fit to experimental FRET data to find the unknowns K XY and Ẽ, the two parameters describing heterodimer formation. Equation 6 can be a challenging problem. In previous work (19, 38, 46, 47) , the ratio of receptor concentrations, [X total ]:[Y total ], was held constant so that all equations can be written as a function of just one receptor concentration, substantially simplifying the mathematical analysis. However, our experiments are performed in a cellular system, which means that the concentration of each receptor, and thus the ratio [X total ]:[Y total ], cannot be controlled. Instead, we must consider and solve Equation 6 as a function of both [X total ] and [Y total ]. In this general case, the theoretical solution is a surface instead of a line. Additionally, because heterodimerization is described by a coupled system of equations, the formation of any dimer species-[XX], [YY], or [XY]-is dependent on the formation propensity of the other two. Fig. 2 illustrates both of these characteristics using a series of graphs generated over a wide range of possible individual receptor concentrations. In these predictions, the homodimer association constants K X and K Y are varied by an order of magnitude, while keeping K XY fixed in all cases. In the left-hand panels, the theoretical total dimer fraction, f D , is represented by a cyan surface with contour lines. The total dimer fraction plots can be asymmetrical depending on the relative values of the homodimer association constants. The right-hand panels depict the contribution of each dimer species to the total dimer fraction, where the fractional contribution of [XX], [YY], and [XY] are displayed as violet, pink, and white surfaces, respectively. The features of these theoretical solutions are in accordance with the law of mass action. Homodimer fraction is low when the concentration of a given receptor is low and increases with its concentration, and the heterodimer fraction approaches 0 as either [X total ] or [Y total ] (or both) go to 0. Note that the heterodimer fraction decreases from panel A to panel D, despite the fact that K XY is the same in all cases. This decrease is due to the relative increases in K X and K Y , i.e. due to the depletion of monomers as homodimerization increases. These predictions illustrate the complex manner in which receptor concentrations and association constants determine the concentration of each dimer.
Predictions of the Model-Equation 6 predicts the heterodimer concentration [XY], based on each receptor's concentration and the two homodimer association constants. Solving
FGFR1, FGFR2, FGFR3, FGFR3_G380R, and FGFR3_A391E Form All Possible Heterodimers-We use the model described above to study the heterodimerization of truncated FGFRs, consisting of the extracellular and TM domains of a receptor followed by flexible linkers and fluorescent proteins. First, we consider the hetero-interactions between wild-type FGFR1, FGFR2, and FGFR3. Then we examine these hetero-interactions when FGFR3 carries the point mutations for achondroplasia (FGFR3_G380R) or Crouzon syndrome with acanthosis nigricans (FGFR3_A391E). We investigate three possible wild-type FGFR heterodimers: FGFR1⅐FGFR2, FGFR1⅐FGFR3, and FGFR2⅐FGFR3, and six possible mutant heterodimers: FGFR1⅐FGFR3_G380R, FGFR2⅐FGFR3_G380R, FGFR3⅐FGFR3_ G380R, FGFR1⅐FGFR3_A391E, FGFR2⅐FGFR3_A391E, and FGFR3⅐FGFR3_A391E.
For each heterodimer studied, CHO cells are co-transfected with plasmids encoding the two receptor constructs, each labeled with either the donor or the acceptor (and then the labeling scheme is reversed). Twenty-four hours post-transfection, the cells are exposed to an osmotic stress buffer (22) that produces plasma membrane-derived vesicles. These vesicles are collected and then imaged using the QI-FRET method (23, 24) . In brief, a confocal microscope is used to image the cross-section of each vesicle in the donor, FRET, and acceptor channels (see Fig. 3 for a representative vesicle). The microscope is calibrated using solutions of free fluorescent protein, so that fluorescence intensity and protein concentration can be directly related, enabling quantitative analysis of images (48) . Ultimately, three quantities are measured in each vesicle: donor concentration, acceptor concentration, and FRET efficiency. Fig. 4 displays the raw data for the nine FGFR heterodimers examined here. The left-hand panels show the FRET efficiency as a function of acceptor concentration. The dark blue right-pointing triangles, purple up-pointing triangles, green left-pointing triangles, light blue diamonds, and black squares represent the FGFR1, FGFR2, FGFR3, FGFR3_ G380R, and FGFR3_A391E homodimer FRET data, respectively (previously published (8, (31) (32) (33) ). In each case, the heterodimer data are represented by red circles. Each point corresponds to a single vesicle. The solid black line represents the proximity FRET or the FRET efficiency expected because of the nonspecific close approach of labeled receptors (42, 43) . For all wild-type and mutant FGFR heterodimers, measured FRET efficiencies exceed proximity FRET, indicating that specific heterodimeric interactions occur in all cases.
Although FRET is plotted in Fig. 4 as a function of acceptor concentration, it also depends on the donor concentration, and thus both concentrations are taken into account in the analysis. The right-hand panels in Fig. 4 show the donor concentration versus the acceptor concentration for all vesicles analyzed in the heterodimer FRET experiments, again using red circles. The substantial variation of the ratio between acceptors and donors occurs because, in a transient transfection experiment, every cell will produce a different amount of each receptor. This variation explains the seemingly wide spread of FRET efficiencies seen in the FRET efficiency versus acceptor concentration plots. As discussed previously, a wide range of donor to acceptor ratios, as well as a wide range of concentrations, is an advantage in the QI-FRET methodology, because it ensures a robust fit of a dimerization model to FRET data (24) .
FGFR Heterodimer Stabilities and Intrinsic FRET Values Can Be Quantified-We fit the heterodimerization model (Equation 12 ) to the experimental FRET measurements for each heterodimer pair. We have previously reported all relevant homodimer association constants (8, (31) (32) (33) . We list those values in Table 1 , and we use them as K X and K Y in Equation 12. This analysis yields the optimal K XY and Ẽ. The apparent association constant, K XY , reveals the propensity for heterodimer formation and is used to calculate dimer stability, ⌬G XY (Equation 3). Intrinsic FRET, or Ẽ, is a structural parameter that depends on the positioning of the fluorescent proteins in the dimer but not on the propensity for dimer formation. Note that both K XY and Ẽ determine the magnitude of the measured FRET efficiencies, and thus both parameters need to be deter-mined and accounted for, to correctly interpret results. In Table  1 , we report the optimal K XY and Ẽ parameters, along with the calculated dimer stabilities and estimated distances between fluorescent proteins, for all nine heterodimers. In Figs. 5 and 6, we compare experimentally determined values to the optimized heterodimer model for each heterodimer pair. In Fig. 5 , the heterodimer concentration [XY] is plotted as a function of both receptor concentrations, with model values (Equation 6) and experimentally determined measurements (Equation 11) shown as a yellow surface with contour lines and open blue (above surface) and red (below surface) circles, respectively. In Fig. 6 , the total dimer fraction, calculated using Equation 7 , is plotted as a function of the concentration of the two receptors. Model values are displayed as a cyan surface with contour lines, and experimentally determined measurements are plotted using purple circles.
The wild-type FGFR1⅐FGFR2, FGFR1⅐FGFR3, and FGFR2⅐ FGFR3 heterodimer stabilities are Ϫ4.5 Ϯ 0.1, Ϫ4.8 Ϯ 0.1, and Ϫ4.1 Ϯ 0.2 kcal/mol, respectively (Table 1 and Fig. 7A ). ANOVA tests are performed to compare the ⌬G values of homodimers and heterodimers. The stabilities of the FGFR2 and FGFR3 homodimers are statistically the same as each other but different from those of FGFR1 and all the heterodimers. Additionally, the stabilities of FGFR1⅐FGFR2 and FGFR1⅐ FGFR3 are statistically the same as each other but different from the stability of FGFR2⅐FGFR3. The ⌬G for FGFR1⅐FGFR3 is also different from that of FGFR1.
We also use ANOVA to compare wild-type intrinsic FRET values. We find that intrinsic FRET is statistically the same for all three wild-type homodimers and the FGFR1⅐FGFR2 and FGFR2⅐FGFR3 heterodimers. The intrinsic FRET of the FGFR1⅐FGFR3 heterodimer is smaller than that of the other five dimers, and this difference is significant. In our experiments, the fluorescent proteins are attached to the TM domain of each FGFR via flexible linkers, so intrinsic FRET predominantly depends on the distance between the fluorescent proteins in the dimers, d. Using Equation 10, we calculate this distance under the assumption of free fluorescent protein rotation (an assumption that may not be correct). The relative positioning of the fluorescent proteins, and thus the general dimer architecture, is similar for five of the dimers. In contrast, the inter-fluorophore distance is larger in the FGFR1⅐FGFR3 heterodimer, suggesting an increase in the separation of the TM domain C termini relative to the other dimers.
We further examine six mutant FGFR heterodimers ( Table 1 and Fig. 7, B-D) . The achondroplasia heterodimers FGFR1⅐FGFR3_G380R, FGFR2⅐FGFR3_G380R, and FGFR3⅐ FGFR3_G380R have stabilities of Ϫ5.2 Ϯ 0.1, Ϫ4.7 Ϯ 0.3, and Ϫ5.2 Ϯ 0.1 kcal/mol, respectively. The Crouzon syndrome heterodimers FGFR1⅐FGFR3_A391E, FGFR2⅐FGFR3_ A391E, and FGFR3⅐FGFR3_ A391E have stabilities of Ϫ5.3 Ϯ 0.2, Ϫ4.5 Ϯ 0.2, and Ϫ5.1 Ϯ 0.1 kcal/mol, respectively.
To compare the wild-type and mutant heterodimers, t tests are performed on the dimer stability and intrinsic FRET values. The difference between wild-type and mutant dimer stabilities, ⌬⌬G XY , is calculated to assess the effects of mutations on the thermodynamics of dimer formation. Analogously, the difference in intrinsic FRET values, ⌬Ẽ , is computed to estimate any alteration in dimer architecture. First, we consider the FGFR1⅐FGFR3 heterodimer. The achondroplasia and Crouzon syndrome mutations both stabilize this heterodimer, by Ϫ0.4 Ϯ 0.1 and Ϫ0.5 Ϯ 0.1 kcal/mol, respectively. 8) as violet, pink, and white surfaces, respectively. In these plots, we assume a heterodimer association constant of 850 ϫ 10 Ϫ6 m 2 /rec (⌬G XY ϭ Ϫ4.0 kcal/mol). The homodimer association constants are varied by an order of magnitude from K X,1 ϭ 100 ϫ 10 Ϫ6 m 2 /rec and K Y,1 ϭ 500 ϫ 10 Ϫ6 m 2 /rec (A) to K X,2 ϭ 10 ϫ K X,1 and K Y,2 ϭ K Y,1 (B) to K X,3 ϭ K X,1 and K Y,3 ϭ 10 ϫ K Y,1 (C) to K X,4 ϭ 10 ϫ K X,1 and K Y,4 ϭ 10 ϫ K Y,1 (D). For each vesicle, an image of its cross-section is captured in three channels: donor, FRET, and acceptor. All three images are processed using a MATLAB script previously developed in the lab (23, 24) . The program integrates fluorescence intensity along the perimeter of the vesicle membrane cross-section and fits this integrated intensity (blue line) with a Gaussian distribution (green line), while taking into account the background (red line). This process is performed for every vesicle. The QI-FRET method uses these intensities to calculate the donor concentration, the acceptor concentration, and the FRET efficiency in the vesicle (23) . In this work, between 250 and 550 vesicles are analyzed for each possible fluorophore labeling scheme of two receptors.
Additionally, the achondroplasia mutation increases the intrinsic FRET value.
Next, we turn to the FGFR2⅐FGFR3 heterodimer. We find that the achondroplasia mutation stabilizes the dimer by Ϫ0.6 Ϯ 0.1 kcal/mol and has no effect on intrinsic FRET. The differences between the wild-type and Crouzon syndrome FGFR2⅐FGFR3 heterodimers are not statistically significant.
The wild-type/mutant FGFR3 heterodimer is slightly different from those described thus far, which all form between two different FGFRs. This heterodimer forms between a wild-type FGFR3 and a FGFR3 with a pathogenic point mutation (either G380R or A391E), and comparisons are made to the wild-type FGFR3 homodimer. The achondroplasia mutation stabilizes the dimer by Ϫ1.8 Ϯ 0.1 kcal/mol. The Crouzon syndrome mutation also has a stabilizing effect, with a ⌬⌬G XY of Ϫ1.7 Ϯ 0.1 kcal/mol. Both mutations also decrease the intrinsic FRET value, suggesting that the fluorescent proteins are further apart in the wild-type/mutant FGFR3 heterodimers than in the wildtype FGFR3 homodimer.
Discussion
We Introduce a New Methodology to Study RTK Heterodimerization-Membrane proteins are notoriously challenging to study (49) , and detailed information about membrane 
. Vesicle FRET data for the wild-type (A-C) and mutant (D-I) FGFR heterodimers.
The dark blue right-pointing triangles, purple up-pointing triangles, green left-pointing triangles, light blue diamonds, and black squares represent the FGFR1, FGFR2, FGFR3, FGFR3_G380R, and FGFR3_A391E homodimer FRET data (8, (31) (32) (33) . The data collected during heterodimer FRET experiments are always shown with red circles. For both homodimer and heterodimer data, each point represents a single vesicle. In the left-hand panels of A-I, the measured FRET efficiencies are plotted as a function of acceptor concentration. Proximity FRET, or the FRET caused by nonspecific close approach of donors and acceptors, is shown as a black line (42, 43) . The measured FRET efficiencies exceed proximity FRET in every case, which suggests that specific heterodimeric interactions occur for all heterodimers investigated. In subsequent analysis, the measured FRET efficiency is corrected for proximity FRET to find the dimer-specific FRET efficiency. In the right-hand panels of A-I, donor concentrations are plotted against acceptor concentrations.
FIGURE 5. Experimentally determined and theoretically predicted heterodimer concentrations [XY], as a function of the two receptor concentrations.
The model is plotted as a yellow surface with contour lines and experimentally determined values are shown as blue (points above model surface) or red (points below model surface) circles. Experimental heterodimer concentrations are calculated according to Equation 11 , and theoretical predictions are made using Equation 6 . The best fit values are plotted here for the wild-type (A-C), achondroplasia (D-F), and Crouzon syndrome (G-I) FGFR heterodimer pairs.
TABLE 1 Optimal parameters describing FGFR homodimerization and heterodimerization
Previously published homodimer results (8, (31) (32) (33) were used to solve Equation 12 , which describes heterodimer formation in FRET experiments. The heterodimer results are listed as averages and standard deviations, as calculated using the bootstrap method (see "Materials and Methods" for details). Dimer stability, ⌬G, was calculated from the association constant using Equation 3 . Under the assumption of freely rotating fluorophores, the distance between fluorescent proteins in a dimer, d, is estimated using Equation 10 .
Dimer stability
Dimer conformation 
Membrane Protein Heterodimerization: A Case Study of FGFRs
protein interactions and structure is elusive, despite active research in the field (50 -53) . The need for new basic knowledge is underscored by the fact that ϳ60% of all Food and Drug Administration-approved therapeutics target membrane proteins (54) . Biophysical information about drug targets can yield better mechanistic understanding of their function and ultimately can allow for more accurate prediction of drug action and function. Recently, advances in microscopy have complemented the biochemical assays traditionally used in membrane protein research, producing new insights about membrane protein function (6, 7, 11, 23, 24, 43, (55) (56) (57) . In this paper, we build on our previous work to develop and implement a quantitative FRET assay for examining RTK heterodimers. The method yields the apparent heterodimer association constant, K XY , and a conformational parameter (intrinsic FRET, or Ẽ), which has been previously used to assess whether structural changes occur in RTK dimers because of ligand binding or mutations (8, 9, (31) (32) (33) .
Compared with biochemical methods, FRET offers unique advantages for examining heterodimers. We label one receptor with a FRET donor and the other with a FRET acceptor, so heterodimers have both a donor and acceptor, whereas homodimers have either two donors or two acceptors. Thus, FRET occurs only when heterodimers form. Methods such as SDS-PAGE and Western blotting, on the other hand, struggle to distinguish between RTK homodimers and heterodimers. Challenges arise because receptors are similar in size, so the two complexes cannot be distinguished on a gel. Although immunoprecipitation can report on heterodimer formation, it is limited to qualitative observations and requires the removal of the receptors from the native membrane. Furthermore, in many biochemical methods, the propensity for dimer formation and the structure of that dimer are both known to affect experimental readouts, but their respective contributions usually cannot be separated. The FRET technique described here can report on heterodimer formation in an intact membrane and can uncouple thermodynamic from structural information. However, the receptors are attached to bulky fluorescent proteins, which may perturb interactions in some cases. Furthermore, heterodimerization propensities can only be determined when the homodimerization propensities have already been measured. Finally, no FRET will be detected if the distance between the two fluorophores in the dimer complex exceeds 100 Å, even if a stable dimer forms.
Similar FRET techniques have been discussed in the literature (19, 38, 58) , but the methodology presented here improves on previous work in multiple ways. Experiments are performed in cell-derived vesicles that capture many features of the native environment (22, 59) . These vesicles closely mimic the diverse lipid and protein content of the plasma membrane (59) . The receptors are transiently expressed in the cells prior to vesiculation, so they undergo all relevant post-translational modifications, including glycosylation. In contrast, the previous het-erodimerization studies were performed in synthetic lipid vesicles and limited to TM domain peptides.
In previous work on heterodimerization in membranes, the ratio between receptors has been held constant to simplify data analysis (19, 38, 46, 47, 58) . The approach that we present has no such limitations and is applicable in cases where the ratio between receptors cannot be controlled, as in cellular studies. The new method is quantitative, yielding heterodimer association constants, despite being performed in a complex system that mimics the native environment. Thus, this FRET method can have broad utility in membrane protein research, because it can be used to study the heterodimerization propensity of any two membrane proteins.
Wild-type FGFR Homodimers and Heterodimers Have Similar Stabilities and Intrinsic FRET Values-Biochemical methods have previously shown that FGFR heterodimers form and are enzymatically active in cells, in the presence of ligand (20, 29, 60, 61) , but the thermodynamics of the association process have not been quantified. Furthermore, FGFR heterodimerization in the absence of ligand has never been investigated. Here, we observe unliganded FGFR heterodimers and for the first time measure the thermodynamic stability of these heterodimers in the plasma membrane. In the absence of ligand, the propensity for heterodimer formation is similar to or larger than that of homodimers (see Table 1 and Fig. 7) . When combined with information about the receptor concentrations of the cell, such dimer stabilities can empower prediction of homodimer and heterodimer populations. Therefore, this work can further our understanding of FGFR signaling, which is regulated by the formation of different dimers with unique functions (29, 60, 61) .
In this set of experiments, we work with receptors that lack the IC domain, which is replaced with a fluorescent protein on a flexible linker. These truncated receptors can be expressed in a broad concentration range, a requirement for a successful fit of the model to the data, thereby facilitating method development (24) . Additionally, the truncation of the receptors increases the likelihood that fluorophores attached to FGFRs in a heterodimer will undergo FRET. RTKs are known to have long unstructured C-terminal tails, and in some cases, this means that fluorescent proteins attached to full-length receptors in a dimer are too far apart to undergo FRET (62) .
Contacts between IC domains generally promote, and never inhibit, RTK dimer formation (8, 9, (63) (64) (65) (66) . Indeed, full-length RTKs have been shown to have stronger propensities for lateral interactions than RTK constructs that lack the IC domain (8) . In our previous work with FGFR dimer formation, we measured the contribution of the IC domain to FGFR1, FGFR2, and FGFR3 homodimerization as ϳ0, Ϫ2, and Ϫ3 kcal/mol, respectively (8) . We expect heterodimer behavior to be similar. Accordingly, our finding that the truncated FGFRs engage in heterodimeric interactions suggests that full-length receptors will also form heterodimers. Furthermore, we expect that the stability of full-length FGFR heterodimers is likely similar to or larger than that measured for truncated FGFR heterodimers. Table 2 summarizes the changes observed in the FGFR heterodimers caused by the achondroplasia and Crouzon syndrome mutations. The thermodynamics of heterodimerization are perturbed in five of six cases. The largest effects are measured on the dimer stability in the wild-type/mutant FGFR3 dimer. Indeed, the achondroplasia and Crouzon syndrome mutations stabilize this heterodimer by Ϫ1.8 Ϯ 0.1 and Ϫ1.7 Ϯ 0.1 kcal/mol, respectively. These stabilizations are comparable with those measured for the mutant FGFR3 homodimers (32, 33) , suggesting that both mutant homodimers and mutant heterodimers may be important signaling entities in the two developmental disorders. The effects on the FGFR1⅐FGFR3 and FGFR2⅐FGFR3 heterodimers, on the other hand, are relatively small. The achondroplasia mutation stabilizes these two heterodimers by Ϫ0.4 Ϯ 0.1 and Ϫ0.6 Ϯ 0.1 kcal/mol, respectively. The Crouzon syndrome mutation stabilizes FGFR1⅐FGFR3 by Ϫ0.5 Ϯ 0.1 kcal/mol and has no effect on FGFR2⅐FGFR3. These stabilizations rank among the smaller ⌬⌬G values that we have measured for pathogenic point mutations in FGFRs (31) (32) (33) , although these changes might still contribute to the development of the skeletal disorders studied here.
The Achondroplasia and Crouzon Syndrome Mutations Show Their Largest Effects on the Stability of the FGFR3 Dimer-
For three of the mutant heterodimers, we observe a statistically significant change in intrinsic FRET, most likely caused by a change in the separation of the fluorescent proteins in the heterodimer. Although the details of how RTK dimer architecture relates to function remain obscure, it is clear that TM domain structure plays a fundamental role in determining signaling properties (8, 9, 67, 68) . It is possible that the structural effects (observed as changes in intrinsic FRET) captured in these experiments influence cross-phosphorylation in the heterodimer and potentially contribute to the two phenotypes.
It has been suggested that the phenotypical differences observed between achondroplasia and Crouzon syndrome with acanthosis nigricans might be explained if one of the mutations primarily affects homodimerization, whereas the other mostly influences heterodimerization (27, 36) . Our results are inconsistent with this idea, instead suggesting that both mutations have their dominant effects on the FGFR3 homodimer.
Materials and Methods
Plasmids-In this work, 10 different plasmids encoding for five receptors-FGFR1, FGFR2, FGFR3, FGFR3_G380R, and FGFR3_A391E-were used. The IC domains of the receptors were substituted with fluorescent proteins (either YFP or 
Effects of the achondroplasia and Crouzon syndrome mutations on FGFR heterodimerization
Unpaired t tests are performed for the null hypothesis that the wild-type and mutant heterodimers are the same, and the resulting p values are shown. ns indicates that any measured difference is not significant. The largest stabilization effects are observed in wild-type/mutant FGFR3 dimers, and these ⌬⌬G values are accompanied by decreases in intrinsic FRET. FGFR1⅐FGFR3 is slightly stabilized by each mutation and also experiences an increase in intrinsic FRET due to the achondroplasia mutation. The only statistically significant change in FGFR2⅐FGFR3 caused by the presence of a mutation is a small increase in stability in the presence of the achondroplasia mutation. mCherry) to allow for FRET detection. The fluorescent proteins were attached to the receptor by a flexible (GGS) 5 linker, so that they can freely rotate (69) . All of these plasmid constructs have been used in previous studies (8, 30, 70, 71) . Cell Culture-CHO cells were cultured in DMEM supplemented with 1.8 g/liter glucose, 1.5 g/liter sodium bicarbonate, 10% fetal bovine serum, and 1 mM nonessential amino acids. The cells were maintained at 37°C with 5% carbon dioxide and passed every other day.
Dimer stability
Transfection-CHO cells were seeded into tissue culturetreated 6-well plates at a density of 2 ϫ 10 4 cells/well. Approximately 24 h later, the cells were co-transfected with two plasmids, each encoding for one FGFR labeled with either YFP or mCherry. For each heterodimer, the data were collected when one receptor was labeled with the donor and the other one was labeled with the acceptor. The labeling scheme was then reversed, and additional data were collected. All the data for the heterodimer were combined and used in the analysis.
Transfection was performed using FuGENE HD according to the manufacturer's instructions. The total amount of plasmid and the ratio between the two plasmids were both varied in different independent experiments, to collect data in as wide a FGFR expression range as possible. As discussed previously, the wide range of receptor concentrations facilitates the data fitting process (24) . Nine possible heterodimers, three wild-type pairs and six pairs with pathogenic point mutations, were characterized in these experiments.
Production of Plasma Membrane Vesicles-Vesiculation of CHO cells was initiated ϳ24 h after transfection. During this 24-h period, the receptors were synthesized by the cellular machinery, glycosylated, and trafficked to the plasma membrane. Then we used an osmotic stress vesiculation buffer to produce plasma membrane vesicles, as reported previously (22) . In short, the cells were rinsed twice with 30% PBS and then incubated overnight at 37°C in a chloride salt buffer (200 mM NaCl, 5 mM KCl, 0.5 mM MgCl 2 , 0.75 mM CaCl 2 , 100 mM Bicine, pH 8.5). In the morning, vesicles were transferred to a 4-well, glass-bottomed chamber slide for QI-FRET analysis. These vesicles constitute a model membrane system with lipid and protein composition similar to the cells from which they are derived (59) .
FRET Measurements-FRET was measured using a quantitative fluorescence microscopy technique, QI-FRET, which yields the FRET efficiency, the donor concentration, and the acceptor concentration, in each vesicle. The QI-FRET protocol and equations have been described and discussed at length (please refer to Refs. 23, 24, 31, and 48 for details). Briefly, we used a Nikon Eclipse scanning confocal microscope with a 60ϫ objective to capture images of the cross-section of a given vesicle in three channels: donor (YFP), acceptor (mCherry), and FRET. We calibrated the microscope using solutions of fluorescent protein (72) of known concentration, so that the fluorescence intensity could be directly correlated to fluorophore concentration. Fig. 3 is a representative vesicle imaged in all three channels, alongside the quantitative analysis of its fluorescence intensity across the membrane (including background correction). The intensities measured in the three channels are used in the QI-FRET method to determine the FRET efficiency, the donor concentration, and the acceptor concentration in each vesicle, following the step by step protocol given in Ref. 23 .
Statistical Analysis-A two-step process was used to fit the heterodimerization model to the experimental FRET data, ultimately identifying the optimal values for the unknowns K XY and Ẽ. First, Ẽ was fixed, and non-linear least squares (73) (specifically, MATLAB "nlinfit") was used to find K XY . This process was repeated at discreet values of Ẽ with a step of 0.01. Second, the mean square error (MSE) was calculated (73) for each of the resulting (Ẽ, K XY ) pairs as follows, where E D is the interaction-specific FRET efficiency. The experimental value, E D exper,i , was measured in each vesicle using the QI-FRET method (23, 24) . The theoretical value, E D theor,i , was calculated by solving Equation 6 for [XY] using the receptor concentrations in a given vesicle, then substituting into Equation 11 and solving for E D . n is the total number of vesicles in a given data set. A plot of the MSE as a function of Ẽ is U-shaped. The minimum MSE was identified (using the MATLAB function "min") and the (Ẽ, K XY ) pair corresponding to this minimum is taken as the optimal set of parameters.
We note that we use this two-step process because the MATLAB function nlinfit could not fit for both parameters simultaneously, because one of the parameters was consistently imaginary. To confirm that this issue arises from the equations and not the data, we generated simulated heterodimer data sets where we fixed K XY and Ẽ and then attempted to use nlinfit to retrieve both parameters simultaneously. Despite the fact that this data is error-free and fits the model perfectly, nlinfit continued to produce imaginary parameter values. Employing the iterative approach, on the other hand, allowed us to successfully retrieve both parameters.
Next, we used the bootstrap method (41) to estimate the errors on these parameters. In the bootstrap method, a given set of data were split into multiple synthetic data sets, and the fitting process was performed on each subset. The optimal parameters from the subsets were used to calculate parameter means and standard deviations.
One-way ANOVA tests were performed to compare the association constants and intrinsic FRET values for wild-type homodimers and heterodimers. First, the bootstrap method was used to refit the previously published homodimer data (8, 31) , to make the homodimer and heterodimer data sets comparable. Then the optimal parameters from these fits were compared with K and Ẽ for the wild-type heterodimers using oneway ANOVA tests (the MATLAB function "anova1"). We tested the null hypothesis that the three homodimers and three heterodimers are all equivalent. In the case of p Ͻ 0.05, we rejected the null hypothesis and performed a multiple comparison test (the MATLAB function "multcompare") to determine which homodimers and/or heterodimers are significantly different from the others.
Finally, K XY and Ẽ were compared using unpaired t tests (the MATLAB function "ttest2"), to determine the effect of the two pathogenic point mutations. Each mutant heterodimer was compared with the corresponding wild-type heterodimer, and the wild-type/mutant FGFR3 heterodimers were each compared with the wild-type FGFR3 homodimer. We tested the null hypothesis that the two dimers being compared are not significantly different from each other. The resulting p values were recorded, where p Ͻ 0.05 indicates that the two groups are significantly different, and p Ͻ 0.005 indicates a very significant difference.
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